Relativistic klystrons are being developed as an rf power source for high gradient accelerators applications which include large linear electronpositron colliders, compact accelerators, and FEL sources. In a relativistic klystron two-beam accelerator (RK-TBA), the drive beam passes through a large number of rf output structures. High conversion efficiency of electron beam energy to rf energy can be achieved in two-beam accelerators using reacceleration of the bunched drive beam. We have conducted experiments which studied rf power extraction in an RK-TBA and have prepared a demonstration in which a modulated beam's energy is boosted as it passes through induction accelerator cells.
I. INTRODUCTION
Pulsed electron beams containing gigawatts of peak power are produced at Lawrence Livermore National Laboratory using induction accelerators. The first demonstration [1] of rf power extraction from such a beam, using a free-electron laser, yielded 1 GW at 35 GHz. Sessler and Yu, following a suggestion by W.K.H. Panofsky, proposed a method for energy extraction, appropriate to lower frequencies, by bunching a relativistic beam and passing it through extraction cavities [2] . If only part of the beam energy were extracted at each of the extraction cavities, the beam could be reaccelerated with an induction accelerator cell and energy could be extracted repeatedly, a concept they called a "relativistic klystron two-beam accelerator." The idea of a relativistic klystron, however, is not limited to the two-beam accelerator concept. Relativistic klystrons can be imagined which span the range from a 1-GW device powering 1 meter of accelerator, to a 10-GW device powering 10 meters, to a full two-beam accelerator extending several kilometers.
Early development work [3] with SLAC and LBL on the relativistic klystron was done with a 1 MeV electron beam using velocity modulation. This work ________________________________________ reintroduced the employment of traveling-wave output structures to lower the electrical surface field stress at high rf output powers. Present experiments are being performed with a 5 MeV electron beam using a transverse modulation system. We have concentrated our research effort on studying rf power extraction from intense beams and understanding the beam dynamics that would impact a large two-beam accelerator.
We will first review the method we have used to modulate relativistic electron beams. We will then look at rf power extraction from intense beams and at the beam breakup instability for RK-TBA systems. An experiment under constuction which will study the issue of reacceleration of a bunched beam is also described.
II. MODULATION OF THE RELATIVISTIC ELECTRON BEAM
At high beam energies, velocity modulation is not effective. To study RK-TBA issues with the Advanced Test Accelerator (ATA) injector, we elected to use a transverse modulation scheme. The rf generator, called the Choppertron, was developed by Haimson Research Corporation [4] . Schemes exist that are more efficient but which require beams with reduced energy spread and lower emittance than what is produced by the ATA injector. The first section of the Choppertron, shown in Figure 2 , is a 5.7 GHz chopping system designed to produce a train of short beam pulses with a period corresponding to 11.4 GHz from the initial uniform beam. The chopper design has reduced sensitivity to beam-energy sweep of the induction beam. In one experiment [5] , the Choppertron delivered a modulated beam with phase variation under ± 2°, and an amplitude variation less than ± 2% (measure in the rf output) during a 30 ns period.
Emittance growth in the Choppertron is reduced by operation with an axial magnetic field matched to the beam emittance and the betatron resonance. The dc current through the device is reduced by about half at full drive. The front end was originally configured to work with a 3 MeV beam. We have since modified the unit for the 5 MeV beam used in current experiments by lengthening the drift section of the modulator.
The onset of beam breakup (to be discussed latter) originally was the principle limitation to achieving the designed 250 MW full width pulses per output structure. However, with the new higher order mode (HOM) suppression circuits installed in the travelingwave output structures, the Choppertron's performance was limited by the beam emittance. The Choppertron was designed to work with a 60 π-cm-mr emittance beam. When running at 1 kA of current, the ATA beam [6] has an emittance of about 104 π-cm-mr. The larger emittance leads to a beam radius larger than the modulator slit (see Figure 2 ) so that only part of the beam can be transported into the output section. To achieve the correct emittance value, it required reducing the beam current to about 500 amps, lowering the available power in the beam.
Simulations [6] were performed using the relativistic klystron code RKS2 to determine the best values of deflection cavity drive power, solenoidal fields, and incident current to maximize output power with no further modifications of the modulator. A sample of the simulation results are given in Figure 3 , which shows the variation of generated rf current with solenoidal field for about 1.2 MW of deflection cavity drive and at four different values of emittance/current.
The emittance values used in these simulations agree with emittance measurements made on the injector at those currents. The rf current produced by the modulator has a broad maximum with magnetic field, drive power, and beam current. The 320 amps of rf current shown in Figure 3 is expected to produce about 130 MW of rf power per output structure in a "TW3" type structure or 230 MW in a "TW5" type structure. As shown in Table 1 , a somewhat higher rf current can be produced, particularly for short pulses.
III. RF POWER EXTRACTION
We have now tested a number of traveling-wave output structures. The use of high group-velocity structures with short interaction regions provides broadband, phase and temperature insensitive circuits. Table 1 lists some of the parameters of the structures tested. All structures were designed with the fundamental power extraction at 11.424 GHz using the TM 010 monopole mode with a 2π/3 phase advance between cells.
The maximum electrical surface field for the MOK-2 structure (shown on the first line in Table 1) was from an experiment conducted at ARC rather than ATA. Both the beam quality and vacuum were better on the ARC injector. The induction cells in the ATA injector use an electrical porcelain which is more porous than the insulators used at ARC. Also, the dielectric fluid used in the induction cells at ARC was freon rather than transformer oil used at ATA. Power reflected off the rf loads and improper flange joints in the rf ouput waveguide is lowering the sustainable field level. With the ATA vacuum, the high field components must be designed for electrical surface fields below 80 MV/m. To reach the 80 MV/m level requires ~200K pulses for rf conditioning. In a final clean system for collider applications, we should be able to achieve surface fields of 150 MV/m.
Experiments have demonstrated high rf output powers using the TW1 and TW2 structures, but with narrow pulse widths. The maximum total output power was about 420 MW with about 980 A of input current and 0.9 MW of drive power. When extraction power is 250 MW, the synchronous energy spread will be 1.25 MeV for TW1. In the recent 5-MeV experiments using TW3 and TW4, a combined peak power for the two structures of 260 MW was measured (110 MW in TW3 and 150 MW in TW4). However, these high peak power pulses were very narrow, due to electrical breakdown. Wide pulses up to 100 MW could be produced in both these output structures.
A. TW5 output structure
The TW5 circuit has about twice the interaction length of the other structures. In an RK-TBA, we would like to increase the drive beam current to increase the efficiency of the induction cells. During test on the TW5 structure, we measured the rf power generated in the dipole mode of the structure as the drive current was increased from 400 A to 700 A. The dipole mode power grew over 6 order of magnitude as shown in Figure 7 . There are microwave components in the rf system which are not calibrated at 13.6 GHz (dominant dipole mode) so the graph is in arbitrary units. The dipole power, below a certain threshold current, is expected to increase exponentially with current as shown in the figure. Slight offsets in the beam's centroid position have a strong effect on the growth rate and are responsible for the scatter in the data. The dipole power varies approximately as the cube of the length of the interaction region. Changes in the geometry of the cells in the TW5 structure have a strong effect in slowing the growth of the dipole mode (incoherency).
IV. BEAM BREAKUP INSTABILITIES
The RK-TBA concept involves the transport of high current beams through many small resonant output structures. The electromagnetic wake from the passage of the drive beam will excite the higher order modes of these output structures. Unless care is taken in the design and operation of the RK-TBA, the HOM fields will build up to a level where the drive beam will be swept into the walls, resulting in rf pulse shortening. Within each of the output structures being studied for an RK-TBA, the regenerative beam breakup (BBU) is the principal BBU mechanism. However, for longer RK-TBA systems, the cumulative BBU must also be addressed. Earlier experiments with two output structures showed BBU when running with more that 600 amps of current into the Choppertron. The output structure had an electrical dipole resonance near 13.6 GHz (HEM 11 lower branch) where the phase velocity is near the speed of light [7] . The narrowing behavior of the high power rf output pulse shown in Figure 8 was caused by the growth of transverse electrical fields in the output structures. For this case the current pulse out of the Choppertron was also narrow indicating beam-wall interception. Below about 600 A of input current, the rf output power would increase proportionally with the square of the input current.
A. Damped Output Structure
After the initial problems with BBU, a new traveling-wave output structure (TW3) was designed and constructed by Haimson Research Corporation [8] that had a broadband HOM de-Q-ing circuit for damping the HEM 11 -like transverse modes. The de-Q-ing circuit consisted of two slots in each of the first two cells of TW3. The slots magnetically couple to both orientations of the dipole modes in each of the first two cells of the structure. The extracted power was absorbed into external loads attached directly to the outside of the cell. This design facilitated the use of these structures in the small bore solenoids that typically surround the output sections. This same type of damping was used in TW4 and TW5 structures.
With the new TW3 replacing a TW1 structure, the Choppertron produced stable, wide rf pulses, but the maximum output power achieved with 1000 A input current and full modulator drive power was about 120 MW. The removal of part of the cavity wall in the first two cells to allow for the coupling slots lowered the shunt impedance of the fundamental monopole mode. Latter structures (TW4 and TW5) were made longer to increase the rf power extracted for a given rf current. Transmitted currents over 800 amps without transverse beam instability (compared to a threshold current of about 400 A for the original experiment with undamped structures) were achieved using TW3 and TW4.
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B. BBU Considerations for a linear collider
The original Choppertron experienced BBU only when running with two output structures. The drift tube connecting the output sections in the experiment had a radius small enough to reduce the rf coupling between the output structures for the lower HEM 11 branch. The use of additional output structures in an RK-TBA and the longer pulse lengths will increase the problem with BBU [7] . For a long uniform system with cumulative BBU, the transverse beam motion grows exponentially with length. Figure 9 gives an illustration of the importance of damping the HOM in the output sections and emphasizes the need for other damping mechanisms in a long RK-TBA system. Figure 9 shows a simulation using TW1 and TW3 structures that are closely packed with a fixed beam voltage of 2.5 MeV (no energy spread). The output sections are spaced at 11.2 cm intervals and the magnetic field is 2 kilogauss. The beam's initial radius is 4 mm. The threshold current is determined when the beam radius becomes larger than the drift tube's inner radius (7 mm) after 40 nsecs. For a given magnetic focusing field, the steady state cumulative BBU growth rate is independent of the beam voltage in machines where the betatron wavelength is much smaller than the system. For a given growth rate and beam current, the number of sections which could be used will be proportional to the magnetic field.
Staggered detuning of the HOM frequencies in the output structure of RK-TBA should allow about three times the total number of output sections in an overall system using detuning than in a system in which all the structures have the same geometry [7] .
It was recognized early [2] that phase mixed damping from an instantaneous energy spread in the electron beam would be essential in a long RK-TBA to limit the growth rate of BBU. The above simulation had no energy spread on the beam. A beam with energy spread coupled to an energy dependent focusing system results in phase mix damping. If the rate of growth can be reduced to where phase mixed damping becomes important, then the transverse growth of the beam in an RK-TBA can be stopped. Code work is being pursued to develop a consistent design for an RK-TBA with realistic output structures. We will also investigate the design of output sections which have lower Qs for the HOMs. If additional damping is needed in a long system, we will investigate BNS damping (introducing a head-to-tail energy spread within the electron pulse).
V. REACCELERATION EXPERIMENT
We are designing an experiment based on the Choppertron to study the reacceleration of a modulated beam as a verification of the feasibility of building an RK-TBA. For this experiment we will use the front end of the Choppertron to modulate a 5 MeV electron beam at 11.4 GHz. For the reacceleration experiment, we plan to use three stages of rf power extraction interspersed with two stages of reacceleration as shown in Figure 10 . Initial computer simulations [9] for the reacceleration experiment with a 2.5 MeV electron beam showed a significant decrease in the available beam power for extraction due to debunching of the modulated beam by longitudinal space charge effects. Therefore, we added 10 induction cells to our beam line, which increases the beam energy to 5.0 MeV before it enters the Choppertron.
A comprehensive design [9] of an experiment to study the reacceleration of a modulated beam using computer simulations has been performed. Our simulations indicate that approximately 250 MW/m can be achieved. The area of greatest difficulty for the experiment is expected to be due to the initial beam emittance. The emittance limits the maximum modulated current. It will possibly lead to greater than expected emittance growth in the modulator, as well as increasing the difficulty of transporting the beam through the output section. All these effects will reduce the extractable power from the beam. The two reacceleration induction cells should not adversely effect the electron beam dynamics. However, a completely redesigned induction cell which takes advantage of the small bore of the beam line and has significantly reduced impedance characteristics is needed for larger reacceleration experiments. Similarly, the growth of transverse instabilities caused by the traveling-wave structures should not be significant for this experiment but will require further study as the number of output structures is increased. 
VI . SUMMARY
We gained considerable experience working with high current, intense electron beams which is applicable to the RK-TBA. The most important result of these experiments involves our work to reduce the strength of transverse instabilities caused by excitation of higher order modes in the travelingwave output structures. We are examining issues involved in the reacceleration concept for an RK-TBA system and are preparing a realistic RK-TBA design.
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